Background: Evidence suggests that systemic inflammation may have a mechanistic role in age-related frailty, yet prospective data is limited. We examined whether systemic inflammation during midlife was associated with late-life frailty within the community-based Atherosclerosis Risk in Communities Study. Methods: Plasma levels of four inflammatory markers (fibrinogen, von Willebrand factor, and Factor VIII, and white blood cell count) were measured during Visit 1 (1987-1989; mean age: 52 [5]), standardized into z-scores, and combined to create an inflammation composite score. High-sensitivity C-reactive protein (CRP) was measured 3 (Visit 2, 1990-1992) and 9 (Visit 4, 1996-1999) years later. Frailty was evaluated in 5,760 participants during late life (Visit 5, 2011(Visit 5, -2013 mean age: 75 [5]). Analyses were adjusted for demographic and physiological variables, and midlife medical comorbidity using logistic regression. Results: A 1 SD increase in midlife inflammation composite score was associated with higher odds of frailty 24 years later (odds ratio [OR] = 1.39, 95% confidence interval [CI]: 1.18-1.65). Similarly, each standard deviation increase in Visit 2 CRP (OR = 1.24, 95% CI: 1.09-1.40) and Visit 4 CRP (OR = 1.35, 95% CI: 1.19-1.53) was associated with a higher odds of frailty 21 and 15 years later. Participants who maintained elevated CRP (≥3 mg/L) at Visits 2 and 4 or transitioned to a state of elevated CRP during this period were more likely to subsequently meet frailty criteria compared to those who maintained low CRP. These associations were stronger among white, compared to African American, participants (p-interactions < .038). Conclusions: Systemic inflammation during midlife may independently promote pathophysiological changes underlying frailty in a subset of the population.
Frailty is most often defined as an aging-related syndrome of reduced physiologic reserve and resistance to stressors resulting from simultaneous declines in multiple biologic systems (1) . Frailty serves as a risk factor for several common geriatric syndromes, is associated with chronic disease, functional disability, and mortality (2) , and is more prevalent among women and African Americans (3) . Although frailty is associated with chronic disease and medical comorbidity, older adults without chronic medical conditions can also be frail (1, 4, 5) . The physiologic underpinnings of age-related frailty have not yet been identified. However, cross-sectional studies, which report higher levels of circulating proinflammatory cytokines and acute phase proteins among frail older adults, implicate systemic inflammation as a potential mechanism in the pathophysiology of frailty (6) (7) (8) . While some propose that chronic, low-grade systemic inflammation may lead to increased physiologic vulnerability in later age (9) , others have questioned whether inflammation may instead simply be an associative feature of frailty and other aging phenotypes.
To date, the few prospective studies that have examined the association between peripheral inflammatory markers and frailty have been limited by brief follow-up periods and a single assessment of inflammatory markers (7, 8, 10) . As a result, the temporal relationship between systemic inflammation and the development frailty remains poorly understood. Evidence for an association between past systemic inflammation and later frailty in the elderly adults would further support theories proposing a role for systemic inflammation in frailty pathogenesis. Using the prospective design of the Atherosclerosis Risk in Communities (ARIC) Study, we tested the hypothesis that individuals with elevated levels of midlife inflammatory markers are at an increased risk for frailty in later life. We also examined whether race and sex further modified this relationship.
Methods

Study Design and Population
We analyzed data from the ARIC Study, a community-based prospective cohort study, which enrolled individuals (n = 15,792) between ages 45 and 64 years from four communities within the United States: Washington County, MD; Forsyth County, NC; northwestern suburbs of Minneapolis, MN; and Jackson, MS from 1987 to 1989 (Visit 1). As shown in Figure 1 , participants were reexamined every 3 years until Visit 4 (1996 Visit 4 ( -1999 , and subsequently invited 15 years later for a fifth study examination (2011) (2012) (2013) . Medical examinations and interviews were conducted at each visit. Participants were also contacted annually by phone to obtain information about hospital admission and vital status. The ARIC study protocols were approved by the Institutional Review Boards at each participating center. All participants provided written informed consent.
Of the participants who completed the Visit 5 examination (n = 6,538), we excluded participants based on the following: missing frailty assessment (n = 715), non-white or non-African American race (n = 12), and missing one or more covariates (n = 51).
Inflammatory Markers
To identify the relationship between midlife systemic inflammation and frailty, blood inflammatory markers from three study visits were utilized. Levels of three acute-phase proteins-fibrinogen, von Willebrand factor (VWF), and Factor VIII (FVIII)-and white blood cell (WBC) count were measured from plasma drawn at Visit 1 and then stored at −70°C until it was analyzed using standard protocols (11) . We created a Visit 1 inflammation composite score using the four biomarkers (ie, WBC, fibrinogen, VWF, and FVIII). Visit 1 biomarker values were standardized to z-scores. After log-transforming WBC to correct for skewness, the mean of each participant's four z-score values was calculated to create the Visit 1 inflammation composite score.
High-sensitivity C-reactive protein (CRP) was measured from blood collected at Visits 2 (1990-1992) and 4. Visit 2 CRP was measured from serum using an immunoturbidimetric assay on the Roche Modular P chemistry analyzer (Roche Diagnostics, Indianapolis, IN) at the University of Minnesota (Minneapolis, MN). Visit 4 CRP was measured from plasma using the nephelometric method on the Siemens Dade Behring BN II analyzer (Siemens Healthcare Diagnostics, Deerfield, IL) at Baylor College of Medicine (Houston, TX). CRP measurement differences between specimen type, laboratories, instrument, assay method, and time of measurement based on laboratory calibration studies were not large enough to warrant calibration (12) . All interassay coefficients of variation were below 8%, except VWF (17%-19%).
Frailty Phenotype
All participants who attended Visit 5 were categorized as frail, prefrail, or robust based on the frailty phenotype definition operationalized by the Cardiovascular Health Study (CHS) (1) and previously described within the ARIC Study (13) . This frailty definition consists of five component criteria: exhaustion, slowness, low physical activity, weakness, and weight loss. Briefly, exhaustion was classified using participant responses to two questions from the Center for Epidemiological Studies-Depression (CES-D) scale; slowness was classified based on 4 m walking speed using previously validated cutpoints (lowest sex-and height-specific quintile) (1); low physical activity was assessed using the Baecke physical activity questionnaire (lowest sex-specific quintile); weakness was classified using a hydraulic grip strength dynamometer according to previously validated sex-and body mass index (BMI)-specific cutoffs (1); weight loss was defined as a 10% weight loss from Visit 4 to Visit 5, or a BMI at Visit 5 less than 18.5 kg/m 2 . Participants were classified as "frail" if they met three or more of the criteria, "pre-frail" if they met 1 or 2 of the criteria, and "robust" if no frailty criteria were met. Participants were also classified based on the total number of frailty criteria met (ranging from 0 to 5).
Assessment of Medical Comorbidity and Other Covariates
Medical comorbidity Prevalent medical conditions listed below were assessed at each of the five Visits. Coronary heart disease (CHD) was defined as a self-reported history or medical record evidence of myocardial infarction, coronary artery bypass graft or angioplasty, or myocardial infarction determined by ECG adjudication. Heart failure was identified based on self-reported heart failure medication use within the past two weeks, or medical record evidence of heart failure related hospitalizations. Hypertension was defined as systolic blood pressure >140 mm Hg, diastolic blood pressure >90 mm Hg, or use of hypertensive medication. Diabetes was defined as fasting glucose of ≥126 mg/dl or non-fasting glucose of ≥200 mg/ dl, use of insulin or diabetes medication, or participant report of physician-diagnosed diabetes. Cancer diagnosis was ascertained using information from cancer registries and ARIC hospital surveillance. Chronic obstructive pulmonary disease (COPD) was classified using prebronchodilator spirometry values in accordance with Global Obstructive Lung Disease (GOLD) criteria. Chronic Kidney Disease (CKD) was defined using estimated glomerular filtration rate (GFR) calculated using serum creatinine and demographic characteristics (14) in accordance with National Kidney Foundation guidelines. Previous chronic inflammatory conditions (ie, arthritis, gout, and lupus) were assessed at Visit 4 based on participant report of physician diagnosis. Depressive symptoms were measured at Visit 5 using the CES-D. Covariates Race, sex, and education (less than high school; high school/GED/ vocational school; or any college) were assessed based on self-report at Visit 1. Indicators of individual socioeconomic status (SES) (ie, total household income, occupational standing, and self-reported community standing) were assessed at Visits 4 and 5. Cognitive status (cognitively normal/mild cognitive impairment/dementia) was adjudicated at Visit 5 by an expert committee (described in Supplementary Methods). Previous long-term anti-inflammatory medication use (eg, nonsteroidal anti-inflammatory drugs [NSAIDs], arthritis medication) was assessed at Visit 5. Time-varying covariates assessed at Visits 1, 2, and 4, concurrent with the measurement of inflammatory markers, included the following: cigarette smoking and alcohol use status (current/former/never) assessed by self-report; total cholesterol and triglycerides measured using the enzymatic method; and total high-density lipoprotein (HDL) cholesterol.
Statistical Analysis
Log-likelihood ratio tests revealed no evidence of a nonlinear relationship between inflammatory marker levels and frailty prevalence; therefore, inflammatory biomarkers were treated as linear, continuous parameters. To examine the association of inflammatory biomarker levels at midlife with late-life frailty status (frail/nonfrail) and the number of frailty characteristics at Visit 5, we used binomial and ordinal logistic regression, respectively. For these analyses, CRP levels were log transformed to correct for skewness.
To examine the association of longitudinal patterns of midlife CRP with frailty at Visit 5, participants were categorized as having "low" or "elevated" CRP at Visits 2 and 4 using a cutoff of 3 mg/L, which is commonly used to define systemic inflammation (15) . Participants were then categorized into one of four groups using the "low" versus "elevated" dichotomization (see Figure 2a ).
• Using the stable low group as the referent, we used multinomial logistic regression to estimate each group's odds of frailty at Visit 5.
We used two regression models. Model 1 adjusted for potentially confounding demographic and physiological characteristics: age, sex, center-race, education, mid-and late-life SES, total cholesterol, triglycerides, HDL, smoking status, alcohol use, cholesterol-lowering and anti-inflammatory medication use, and late-life cognitive status. Model 2 additionally adjusted for midlife medical comorbidities: hypertension, diabetes, CHD, heart failure, cancer, CKD, COPD, and chronic inflammatory disease. Time-varying covariates were incorporated in the models from the visit concurrent with the inflammatory biomarker assessment. We used multiplicative interaction terms to evaluate effect modification by race and sex.
We conducted several sensitivity analyses. First, we examined the effect of excluding participants with abnormally elevated inflammatory markers, suggestive of an acute inflammatory response (Visit 1 inflammation composite score >2 SD above the sample mean; CRP > 10 mg/L). We also examined the effect of excluding from analyses participants with clinical stroke, and we repeated analyses after additionally adjusting for medical conditions occurring during the follow-up period (between biomarker assessment and frailty assessment), which may lie in the causal pathway between inflammation and frailty (ie, hypertension, diabetes, CHD, heart failure, cancer, CKD, COPD, chronic inflammatory disease, stroke, and depressive symptoms). Last, we used inverse probability of attrition weighting (IPAW) to examine potential selection bias related to participant death and dropout before the frailty assessment. This statistical technique uses the demographic, physiological, and clinical characteristics of observed and unobserved cases to create sampling weights which up-weight observed cases that possess characteristics associated with attrition. We used a two-sided p value < .05 as the cutoff for statistical significance. All analyses were conducted using Stata Version 14 (StataCorp, College Station, TX).
Results
Sample Characteristics
Baseline (1987-1989) participant characteristics are described in Table 1 . Among the 5,760 participants, 7%, and 48% met frail and prefrail criteria, respectively, at Visit 5. Compared to robust participants, those who were frail and prefrail were older, more likely female and African American, had lower levels of education, and had greater levels of cardiovascular risk factors and comorbidity during midlife (Visit 1).
Midlife Inflammation and Late-life Frailty
Visit 1 inflammation composite After adjusting for midlife demographic and physiological characteristics, each 1 SD increase in Visit 1 inflammation composite score was associated with a 46% higher odds of frailty and a greater number of frailty characteristics at Visit 5 (24 years of follow-up) (Figure 3a) . After further adjustment for concurrent medical comorbidities (Figure 3b) , each 1 SD increase was associated with a similar (39%) higher odds of frailty and a greater number of frailty characteristics. Associations between the individual Visit 1 inflammatory markers and frailty risk are provided in Supplementary Figure 1 .
Visit 2 CRP
Each 1 SD increase in Visit 2 CRP was associated with a 32% higher odds of frailty and a greater number of frailty features at Visit 5 (21 years of follow-up) after adjusting for demographic and physiological characteristics (Figure 4a ). These associations were attenuated, but remained statistically significant, after additionally adjusting for medical comorbidities (Figure 4b ).
Visit 4 CRP
Each 1 SD increase in Visit 4 CRP was associated with a 52% higher odds of frailty and a greater number of frailty characteristics at 15 years of follow-up after adjusting for demographic and physiological variables (Figure 4c ). The strength of these associations was also attenuated, yet remained statistically significant, after additionally adjusting for medical comorbidities (Figure 4d ).
A significant interaction by race on frailty was observed for Visit 1 inflammation composite score (p-interaction = .038), Visit 2 CRP (p-interaction = .005), and Visit 4 CRP (p-interaction < .001). Overall, the associations between midlife inflammatory markers and frailty were stronger for white, compared to African American, participants. No significant interaction by sex was observed. 
Sensitivity Analyses
Our findings were robust to the exclusion of participants with abnormally high inflammatory marker levels and the exclusion of participants with clinical stroke (Supplementary Figures 2-5 ). The association of midlife CRP with frailty was modestly attenuated, but remained robust and statistically significant, after additionally adjusting for potentially mediating medical conditions occurring during the follow-up period (Supplementary Figures 6 and 7) . After accounting for potential bias related to selective attrition using IPAW, we observed a stronger association of Visit 1 inflammation composite score with frailty; however, other findings were not substantively changed (Supplementary Figures 8 and 9 ).
Discussion
In this large community sample, systemic inflammation during midlife, as measured by circulating inflammatory markers, was associated with increased odds of frailty and a higher number of frailty characteristics in older adulthood. While the associations between higher levels of midlife inflammatory markers and frailty were largely confined to white participants, we also found that, among African Americans and whites, higher midlife CRP was associated with having a greater number of frailty characteristics in late-life. In the full sample, each 1 SD increase in the midlife inflammation composite score was associated with a 39% higher odds of frailty approximately 24 years later. Higher midlife CRP levels, and a pattern of persistently elevated or increasing midlife CRP were each associated with an increased odds of frailty decades later. These findings support the hypothesis that midlife, and potentially longstanding, inflammation may play a role in the development of frailty in later life. Prospective studies have previously reported associations between baseline levels of inflammatory markers, including CRP, D-dimer, fibrinogen, and WBC count, and incident or prevalent frailty over periods ranging from 3 to 10 years among older adults (7, 8, 10, 16) . However, null associations between CRP, interleukin-6 (IL-6), interleukin-1 beta (IL-1β), and frailty risk over this same time span have also been reported (7, 16) . The current findings add to those of previous prospective and cross-sectional (17) studies by providing additional insight into the temporal relationship between systemic inflammation, measured at multiple visits, and subsequent frailty. Specifically, our findings highlight middle adulthood as a potentially important exposure period and, in doing so, provide support for theories that postulate an etiologic role for systemic inflammation in the development of frailty (6) . Furthermore, our results suggest that the pathological processes leading to frailty may begin decades prior to frailty onset, in a similar manner to other chronic conditions, including dementia. While our findings align closely with those of translational (18) and genetic (19) studies which provide support for an etiologic role of systemic inflammation, we acknowledge that causation cannot be inferred from the current findings.
Our finding that individuals who maintained elevated systemic inflammation across a 6-year period in midlife were at greatest risk for frailty in late-life is consistent with the view that chronic systemic inflammation is associated with poorer health outcomes years later (6) . Our findings suggest that the initiation of systemic inflammation during this same period may also confer risk for later frailty. Middle adulthood may be an especially important exposure period for poor health outcomes in older adults for multiple reasons. First, it is in middle-age when the incidence of common chronic diseases, such as diabetes (20) , begins to accelerate. Second, compared to individuals who develop systemic disease and inflammation in late-life, individuals who develop these conditions in midlife may have a longer exposure period and are therefore more susceptible to the deleterious physiological effects. Our observation that the association between midlife inflammatory markers and frailty was robust to adjustment for midlife medical comorbidity, as well as incident medical conditions occurring during the follow-up period, supports the hypothesis that systemic inflammation may play an independent role in promoting the physiological alterations underlying frailty. This is in line with other reports suggesting that disability and comorbidity overlap with frailty, but do not fully explain frailty (5) .
Although African Americans are at an increased risk for becoming frail with advancing age (21) , research examining potential contributors to frailty risk among African Americans has been sparse. Potential explanations for the race-based differences observed in the present study include racial disparities in the burden of chronic disease, race differences in the regulatory inflammation signaling pathways (22) , and race differences in rates of attrition and mortality (see Supplementary Table 1) . However, the latter possibility was not supported by our secondary analyses which used IPAW to correct for the higher rates of attrition among African American participants. Additionally, it is possible that the development of frailty among African Americans may be more strongly determined by nonphysiological factors such as SES, access to health care, and health literacy. In support of this notion, we found that SES variables, particularly midlife household income and occupational standing, were more strongly associated with late-life frailty among African Americans, compared to white, participants.
The current study has multiple strengths, including the use of a large, population-based sample, the inclusion of a large number of African American participants, repeat measures of CRP, longitudinal follow-up, and the ability to account for chronic medical conditions and other potential confounding variables. However, the current findings must be considered within the context of several limitations. First, the absence of knowledge about participant frailty status at midlife represents a major limitation. Although the prevalence of frailty is less common during midlife (3), we are unable to ensure that frailty (or a similar condition) was not present when inflammatory markers were assessed. However, the likelihood of confounding from midlife disease or overall poor health status is mitigated in our analyses which are adjusted for a wide range of midlife physiological and disease characteristics thought to be jointly associated with frailty, poor health status, and inflammation. Second, although ARIC is wellcharacterized with regard to demographic, physiological, and clinical variables known to influence systemic inflammation and frailty, it is possible that the associations between inflammatory marker levels and frailty risk are confounded by unmeasured variables not captured using current methods, such as undiagnosed or subclinical disease, or environmental factors. Third, while many of the inflammatory biomarkers measured in the current study are considered acute-phase reactants involved in peripheral inflammatory signaling, several of the markers (eg, fibrinogen, FVIII) are also involved in additional overlapping biological pathways, including hemostasis. The measurement of inflammatory cytokines and chemokines, which may be more directly involved in the pathogenesis of frailty and other latelife adverse health outcomes, may allow for a more nuanced understanding of the role of systemic inflammation and the identification of novel targets for prevention or treatment.
Despite these limitations, the current study provides further insight into the biological alterations that may underlie frailty by demonstrating an association between systemic inflammatory markers in midlife and increased frailty risk later in life using a large, well-characterized community sample. Taken together, our findings support further study of the causes and consequences of midlife inflammation and suggest that targeting earlier drivers of inflammation rather than employing interventions to reduce inflammation later in life may be important in frailty prevention. In support of this notion, a recent trial of physical activity among older adults, which has been shown to reduce inflammation, failed to show benefit in reducing incident frailty risk in a population at increased risk for functional decline (23) . We believe that effective interventions will require a greater understanding of both the pathophysiology and the optimal timing for risk factor mitigation. Specifically, we suggest research efforts focus on identifying disease states, genetics, behaviors, or other triggers of inflammatory pathways and factors that contribute to sustained inflammation over the life course to reduce the risk for frailty with aging. Our findings also highlight the modifying effect race may have on the relationship between inflammation and frailty risk and underscore the need for additional prospective studies to explore early biological and environmental drivers of frailty in multiethnic populations. Targeted and personalized preventive efforts across the life course could lead to the largest public health gains in promoting healthy aging.
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